Abstract-Electromagnetic precursors and other pulses in dispersive media have been studied theoretically since 1914. Yet a recent National Research Council study [1, p. 73-75] found few measurements that verify the relevant theories. Verification is useful because, where independent theories and measurements agree, the results are highly reliable. This report describes two laboratory verifications of transient-electromagnetic theory that I completed recently.
Introduction
Laboratory measurements of dc-content, electromagnetic pulses verify two groups' asymptotics for the dispersive decay and spread of pulses in a Debye model and the spread in a Lorentz model [2] . The measured peak amplitudes of pulses decay with depth nearly as x −1/2 (water) and x −1/3 (concrete) in coaxial cables. The products of the measured peaks and full-widths at half-maximum (FWHMs) are nearly constant. This was predicted for water and for all Debye models; for concrete, it was a surprise.
Other, independent measurements verify analysis showing that any pulse decays exponentially in a lossy material if the pulse's spectrum has nonzero separation from ω = 0 (dc) [3] [4] [5] . The energy and peak amplitude then decay at least as fast as their respective slowest rates of exponential decay for the material and spectrum at hand. By basic antenna theory, frequencies near dc have infinitesimal efficiency of radiating into the far field [3] . Thus, exponential decay is nearly universal in far-field, lossy objects. 
Verification of Debye-and Lorentz-model Asymptotics
Petropoulos and I showed that the Dirac δ(t) response of any Debye model will asymptotically approach the δ response of an advection-diffusion equation as the depth x greatly exceeds an easily computed quantity that we named the time-domain skin depth [6] . As x → ∞, the δ response's peak amplitudes decay as x −1/2 and the full widths at half-maximum (FWHMs) spread as x 1/2 in Debye models. Some of these results, and further results, were obtained independently by Kelbert and Sazonov [7, secs. 2.2 and 2.3] in the same year (1996) as [6] . In mid-1997, Farr and Frost published relevant experimental data for water and concrete [8] . Because the three groups were unaware of each other's work, the results were profoundly independent.
A theorem on "element convolution" [6] predicted that Farr and Frost's measured pulse would propagate in a Debye model of water with peaks ∝ x −1/2 and FWHMs ∝ x 1/2 , approximately [2] . This is evident in Fig. 1 , where peaks×FWHMs are constant to within ±1.4% for water, verifying much of the three groups' work. For concrete, peaks×FWHMs are constant to within ±6.2% but the reason is not known.
Debye models are not good for concrete. But Farr and Frost's best Lorentz model for concrete is a good fit for the real part of the complex permittivity, ε(ω). Unfortunately, the same Lorentz-model fit badly understates Im ε, typical of Lorentz-model fits for solids [9, ch. 3, sec. 2.2 and 2.3]. Even in these circumstances, a derivation [2, sec. IV] shows that the pulse's measured FWHM would be well accounted for by asymptotics for the Lorentz model, provided the asymptotics themselves are good.
One basic test of Lorentz-model asymptotics is that, as x → ∞, the peak amplitude of any propagated pulse decays asymptotically as x −1/3 if the incident pulse's Fourier transform,f (ω), is nonzero at ω = 0; but the decay is x −2/3 iff has a first-order zero at ω = 0 [6, In this manner, one measurement group (Farr and Frost) and two theory groups (Kelbert and Sazonov, and Petropoulos and me) published mutually verifying results within nearly a year of each other, without even knowing of each other. The mutual verifications include both the Debye and Lorentz models. The verification for Lorentz-model asymptotics is partial-valid for only FWHMs-because Lorentz models typically understate the Im ε of solids [9] .
Verification of Exponential Decay
From 1914 [10] until July 4, 2002 [3] , apparently, almost every pulse-decay rate predicted for a dispersion model was of the form x -const , called algebraic decay. Decay rates are sensitive to the degree of spectral concentration near ω = 0 (dc) [6, endnote 30] . What happens if an incident pulse's spectrum is confined to a non-infinite band of frequencies separated by a nonzero amount from dc, as broadcast regulations and practicality may require? The frequency components still would travel as exp(ikx), where k(ω) is the complex-valued wave number. Let k min i be the smallest positive value that Im k has for the material and spectrum at hand. Intuition then suggests that the full pulse's peak would decay at least as fast as the slowest rate of exponential decay, exp(−k min i x). Exponential-decay derivations [12] are suitable for undergraduate textbooks. Let E(x) = E(x)/E(0) be the normalized energy, where E(x) = ∞ −∞ |E(x, t)| 2 dt. Incident pulses f (t) with Fourier transforms f (ω)
propagate linearly as E(x, t) =
The value k min i is defined in the previous paragraph. A similar, 5-step derivation [3, 12] proves the exponential decay of normalized peak amplitudes, P(x) = P(x)/P(0), where P(x) ≡ max t |E(x, t)|. In fact, P(x) ≤ e −2k min i x ∞ −∞ | f |dω. This relation for peaks was verified in 2002 by a 4-parameter, infinite family of numerical examples [3] for the Debye and Lorentz models.
Two years after the exponential decay of P was verified numerically, the exponential decay of E was verified experimentally [4, 5] . The experiment is described next.
Choi andÖsterberg measured E(x) for a 660-740-nm-wavelength red laser pulse traveling 4.7 m in deionized water [4] . Their explicit motivation was to observe a pulse that decays slower than exponentially.
Choi andÖsterberg's data analysis yielded a graph [4, Fig. 1 ] that their concluding paragraph used as evidence of ≈ x −1/2 decay of E(x). The evidence was weak: The x −1/2 claim was based on only the last 4 of 24 data points. The error bars along a logarithmic axis were centered on the data and had constant lengths, without explanation for the cause. The dotted curve for exp(−2k min i x) was mislabeled. And the k min i value used in [4] represented the experiment's deionized water by this uncommon mixture: 25% Sargasso Sea water; ≈ 25% water from Crater Lake National Park, USA; and ≈ 50% doubly-distilled water [5, paragraph 3] . Sea water, especially, is unlike the deionized water used experimentally in [4] . Figure 3 is adapted from [5] . It corrects [4, Fig. 1 ]. The experiment's deionized water is represented here by the k min i value for twice-distilled water at the 660 nm wavelength. The measurements of normalized energy E(x) are marked. Fig. 3 shows that these measurements decay exponentially, as E(x) ≤ exp(−2k 
Conclusion
Studies of 1D electromagnetic pulses in dispersion models date to 1914 [10] . For the next 88 years, apparently, it was largely unnoticed that many pulses used in that theory could not propagate into the far field because they had dc (ω = 0) content. Such pulses can travel in waveguides with dispersive fill, but few such measurements existed until recently [1, p. 73-75] . Quantitative agreement of measurement and theory has since improved by means mentioned in sec. 2, which regards pulses with dc in the spectrum or at a spectral endpoint.
When a 1D pulse's spectrum is separated from dc by a nonzero amount, the pulse will decay exponentially in lossy materials. The relevant measurements and derivations here in sec. 3 and in [4, 5, 12] seem suitable for the undergraduate curriculum in electromagnetics.
